The rate of hormone formation by the thyroid in vivo is greatly influenced by acute alterations in the concentration of inorganic iodide in the extracellular fluid. In the rat (1-3) and in man (4, 5) , increasing concentrations of iodide in the plasma are associated with increased thyroidal uptake of iodine until a critical concentration of iodide is reached. Beyond this range, the formation of hormone declines. A similar relationship between extracellular iodide concentration and organic iodinations occurs in vitro in slices of sheep thyroid (6), whole lobes of rat thyroid (7), and homogenates of rat salivary gland (8). This relative inhibition of thyroid hormone formation induced by high concentrations of iodide is often termed the Wolff-Chaikoff phenomenon, and has never been fully explained. In normal animals, such inhibition is transient (9). Rarely, however, prolonged treatment with iodine does cause goiter and myxedema in man (10), possibly because the inhibitory effect of iodide persists.
The rate of hormone formation by the thyroid in vivo is greatly influenced by acute alterations in the concentration of inorganic iodide in the extracellular fluid. In the rat (1) (2) (3) and in man (4, 5) , increasing concentrations of iodide in the plasma are associated with increased thyroidal uptake of iodine until a critical concentration of iodide is reached. Beyond this range, the formation of hormone declines. A similar relationship between extracellular iodide concentration and organic iodinations occurs in vitro in slices of sheep thyroid (6) , whole lobes of rat thyroid (7) , and homogenates of rat salivary gland (8) . This relative inhibition of thyroid hormone formation induced by high concentrations of iodide is often termed the Wolff-Chaikoff phenomenon, and has never been fully explained. In normal animals, such inhibition is transient (9) . Rarely, however, prolonged treatment with iodine does cause goiter and myxedema in man (10) , possibly because the inhibitory effect of iodide persists.
Recently, evidence has accumulated that the formation of hormone and oxidative metabolism in the thyroid are closely linked. First, the iodideconcentrating mechanism is dependent on phosphate bond energy (11, 12) , and second, organic binding of thyroidal iodide appears to depend on electron transfers leading to generation of hydrogen peroxide (13) (14) (15) (16) . The present studies were designed to determine whether used, was considered negligible (average, 5.2 ug per 100 ml, or 4 X 10-M). Second, the quantity of iodide that might be leached f rom thyroid tissue during the incubation period was considered. Speciments of 9 separate thyroid glands were boiled in a test tube containing a small volume of distilled water. The entire contents of the tube were then placed in a dialysis sac and dialyzed overnight against distilled water at 40 C. The calculated content of dialyzable iodine in thyroids, based upon iodine analyses in the dialyzing solution, averaged 2.1 ,g per 100 mg of tissue. In view of the subsequent demonstration that thyroid tissue contains substantial quantities of iodinated peptides that are slowly dialyzable (19) (20) (21) , this value was undoubtedly an overestimation of the true concentration of inorganic iodide in these specimens. Even if this were not the case, flasks containing 100 mg of tissue and added iodide in a concentration of 1 X 10' M (1.27 jg per ml) would contain at least twice as much iodide as flasks containing tissue without added iodide. Furthermore, the glandular contribution of iodide would be insignificant in flasks in which media had been enriched to a concentration of 1 X 10' M or more. A third consideration was the ability of thyroid slices to perform iodinations and thereby to decrease the concentration of iodide in the medium. Here, too, this effect would almost always be negligible at iodide concentrations greater than 1 X 10i M, where percentile organic binding of iodide seldom exceeds 0.5% (6, 22) . 4 Finally, it is likely that any metabolic effects of iodide would be more closely related to concentration in the slice than to that in the medium, and that the activity of the iodide-concentrating mechanism would therefore influence the results obtained. Since slice/medium (S/M) iodide concentration gradients greater than one may exist at concentrations of iodide in the medium ranging up to 1 X 10' M (11), this factor was operative in most of the present studies. In them, no systematic attempt was made to correct for these factors. The iodide concentrations hereafter referred to therefore represent merely the concentration of iodide added to the medium, and flasks with no iodide will be termed "controls."
Measurements. Oxygen consumption was measured by standard manometric methods (18) . C402 derived from labeled glucose was measured by methods previously described (15) . In brief, these consisted of redistilling CO2 from KOH into 0.5 M Hyamine, which was then transferred to vials containing liquid scintillator. Counting was carried out in a liquid scintillation counter, and counts in C'402 were compared with counts in a sample of the initial medium, after correction for quenching. The recovery of counts from labeled glucose in vessels 4That this effect might also be unimportant at lower concentrations of iodide is suggested by the work of Kondo (23) . He found that, during active uptake of I"31 by pig thyroid slices, iodide concentration in the medium remained constant or increased. Release of stable iodide from human and canine thyroid slices has been shown by Molnar, Albert, Keating, and Orvis (24) . incubated without tissue was not determined in the majority of experiments. C14-labeled lactate in suspending media was estimated by ascending paper chromatography in butanol: acetic acid: water (100: 12: 88). That portion of the filter paper containing lactate was located by radioautography, excised, and placed in a vial of liquid scintillator for counting. Radioactivity in the lactate zone was compared with that in a sample of the initial medium applied to filter paper and counted under similar geometric conditions. Values for lactate production reported are the means of duplicate vessels; in no case did the value for an individual vessel differ from the reported mean by more than 7%. Concentrations of stable glucose were measured in duplicate by the Somogyi-Nelson method (25); control studies indicated that iodide concentrations in the medium as high as 1 X 10' M did not influence the glucose measurement. Total CO2 production was determined by BaCO3 precipitation, with care taken to prevent contamination with atmospheric C02-Statistical treatment. With but few exceptions, all results presented are the average of closely agreeing values obtained in duplicate or triplicate vessels. With some of the results, analysis of variance and tests of significance were performed as described by Snedecor (26) . For comparison of results obtained in many thyroid glands, however, of markedly different metabolic activity, from animals whose age and history of iodide ingestion were unknown, it seemed preferable to use nonparametric methods, which do not assume a normal distribution of results. Therefore, the "sign test" was also employed (27, 28 ). The null hypothesis tested was that the number of experiments showing an increase in a given function (e.g., Q02) at a given concentration of iodide would equal the number showing a decrease. The probability that the observed number of positive and negative differences occurred by chance was then taken from a standard table (28) .
RESULTS
Oxygen consumption. In 41 experiments, oxygen consumption in control vessels averaged 28.6 ± 8.7 Mul per hour per 100 mg (mean + SD). The changes in Q02 induced by varying concentrations of iodide in the medium are depicted in Figure 1 , and their statistical significance is summarized in Table I In each of these eight experiments, changes in oxygen consumption were as noted above: stimulation at 10-4 MKI iodide and loss of stimulation at 5 x 10-2 M iodide. Changes in the generation of C1402 roughly paralleled those in oxygen consumption.5 At 1 x 10-4 M iodide, however, Hoskin has demonstrated that preparations of C'4-labeled glucose contain volatile radioactivity that is collected into alkali, even in the absence of tissue (29) . Tissue-free blanks were measured in three of these experiments, and blank radioactivity was less than 0.008% of initially added radioactivity. In 24 subsequent experiments with glucose-U-C'4 from the same source, not reported here, the amount of radioactivity recovered in KOH in vessels free of tissue (thermobarometers) averaged 0.009 ± 0.002% of medium radioactivity, and was uninfluenced by the addition of iodide. In the eight experiments reported here, radioactivity collected in alkali in vessels containing tissue and no added iodide averaged 0.46% of medium radioactivity (range, 0.21 to 0.88). Thus, it is unlikely that the true values for C'402 there was in each experiment a greater percentile stimulation of C140. production than of QO., (mean increase, 71 against 19%). At 5 X 10-2 .M iodide, some glands (experiments 37 and 67) displayed distinct stimulation of C1402 production when compared with controls, while others showed essentially no change.
From a comparison of moles of oxygen consumed with the estimate of moles of glucose carbon converted to CO2, the proportion of oxygen consumption attributable to oxidation of exogenous glucose was calculated. This Assimilation of glucose (disappearance from the medium) was measured in six experiments.
production differed materially from those presented in Table II. No consistent change induced by iodide could be detected. Errors in this estimation are relatively large, however, and the data do not exclude the possibility that small changes did occur. 6 From the data in Table II , the proportion of assimilated glucose converted to CO2 averaged 2.9% in control flasks, 5.9% in those containing 1 x 1i4 M iodide, and 3.7% in the presence of 5 x 10-2 M iodide.
Respiratory quotients were determined in four experiments. Control values averaged 1.0, and no consistent changes were seen at either standard concentration of added iodide. Data with regard to the effects of iodide on the production of C14-labeled lactate yielded no evidence that the production of lactate was stimulated, and in two experiments (no. 37 and 67), iodide appeared to cause a decline in lactate production greater than the error of the method.
Analysis of variance of the data in Table II revealed that iodide produced significant changes only in oxygen consumption and in the production of C1402. With the criteria suggested by Snedecor (26) , values for both functions in flasks containing 1 X 10-4 M iodide were significantly higher than values in control flasks, or in those containing 5 X 10-2 M iodide. Differences between control flasks and those containing 5 x 10-2 M iodide were not significant.
Experiments with glucose-l-C"4 and -6-C14.
Tissue-free blanks were not routinely incubated in experiments with either glucose-i-C14 or -6-C14;
in two experiments, a blank with glucose-6-C14 was incubated, and 0.01%o of medium radioactivity was found in KOH. In these studies with specifically labeled glucose, smaller amounts of tissue and shorter incubation times were employed than was the case in experiments with glucose-U-C"4. Therefore, failure to correct for nonmetabolically generated radioactivity may have 6The actual changes in medium glucose concentration during incubation in these experiments averaged about 25 mg per 100 ml, a difference easily measurable by the method used. As noted above, however, the mean increment in oxygen consumption induced by 1 X 10' M iodide was 0.25 /Amoles per hour per 100 mg tissue. If this increment had been expended solely in the formation of CO. from an increase in assimilated glucose, the difference in final glucose concentration between control flasks and those at 1 X 10' M would have been only about 2.5 mg per 100 ml. introduced significant errors in the determination of C1402 production. Blank values may be assumed to be constant, however, among all the flasks in a single experiment; therefore, the amount of change in the generation of C1402 induced by iodide in the medium can be accurately determined.
Results obtained in experiments with glucose-1-C14 and -6-C14 are shown in Table III . At the lowest range of iodide concentrations employed (5 X 10-6 to 1 X 10-5 M), generation of C140O from C-1-and C-6-labeled glucose was increased, and the changes were of borderline statistical significance by the sign test. At intermediate concentrations of iodide (1 x 10-4 to 1 x 10-3 M), and at the highest concentration of iodide employed (5 x 10-2 M), generation of C140' from both C-1-and C-6-labeled glucose was significantly increased. In experiments in which they were directly compared, effects of the intermediate concentrations of iodide were greater than those of the highest concentration.7
In a number of instances, the effects of iodide on the generation of C1402 from C-1-and C-6-labeled glucose were compared in the same experiment. Results obtained in these experiments are shown in Figure 2 . In all cases, the increase in formation of C1402 from glucose-i-C'4 was far greater than from glucose-6-C14.
Effect of thionamide derivatives. The effects of thiouracil and methimazole in concentrations known to inhibit organic iodinations (11) were assessed in four experiments (Figure 3) . In vessels free of added iodide, these agents slightly, 7 It is not immediately apparent why C1402 production was not consistently stimulated at an iodide concentration of 5 X 10 M in experiments using glucose-U-C14, although such stimulation occurred rather consistently in experiments with glucose-i-C1' and -6-C14. Variation between the individual thyroid glands studied may be the best explanation. abolished the stimulatory effect of iodide by increasing the intrathyroidal concentration of iodide beyond the stimulatory range. The results of experiment 34, however, suggested that this was not the case. Here, in the absence of methimazole, stimulatory effects of iodide were evident at concentrations ranging between 1 x 10-5 M and 1 X 10-3 M (Figure 3 ). In the presence of methimazole, no stimulation of metabolism was evident at an iodide concentration of 1 x 10-5 M, 8 To test whether the same phenomenon occurs in vitro, slices were incubated in media containing 1 X 10' M iodide, with and without 1 X 10' M methimazole, and with tracer amounts of P131. After an hour of incubation, F" in slice and medium was partitioned into organic and inorganic moieties by precipitation with trichloroacetic acid. Without methimazole, 58% of the IP"' was organically bound, and the S/M iodide gradient was 20. With methimazole, less than 1% of P"31 was organically bound, and the S/M iodide gradient was 46. (Table IV) . At the higher concentration of 5 x 10-2 M, however, iodide had a consistent inhibitory effect on Q09 and decreased the generation of C1402 from glucose-i-C14, -6-C14, and -U-C14.9 Tissue-free blanks were incubated in all the experiments with glucose-U-C14, and correction was made for blank radioactivity. Such blanks were not performed in the experiments with glucose-i-C14 and -6-C14.
DISCUSSION
The data presented here are generally in accord with earlier observations concerning the rate of oxygen consumption and glucose oxidation by sheep thyroid slices. They confirm previous studies indicating that the oxidation of exoge::ous glucose accounts for a relatively minor proportion (in the present studies, approximately 12%) of 9 If the intracellular concentration of iodide is the determinant of its metabolic effects, direct comparisons between the effects of standard extracellular concentrations of iodide on the thyroid and on other tissues that do not concentrate iodide are not possible. In liver and kidney, iodide is not actively concentrated (32, 33) . Therefore, intracellular iodide concentrations in liver or kidney are probably lower than in thyroid when tissue slices from these respective organs are placed in media enriched with iodide at 1 X 10V M; at this concentration, thyroid slices maintain S/M gradients greater than unity (11) . At a concentration of 5 X 10' M iodide, however, thyroidal S/M gradients decline below unity (11) , and intracellular iodide concentrations in thyroid, liver, and kidney are probably quite similar. total oxygen consumption (34). This is consornant with the observation that the QO2 of thyroid slices is well-maintained although no substrate is added to the medium (35) (36) (37) . The endogenous substrate whose oxidation accounts for most of the oxygen consumed is, however, unknown. It has been reported that the concentration of glycogen in thyroid tissue is very low (38) and is insufficient to support observed rates of oxygen consumption (39) . On the other hand, in agreement with the findings of Weiss (35), respiratory quotients in the present studies were near unity, suggesting that a major portion of the endogenous substrate is derived from carbohydrate. No data are presently available on the catabolism by thyroid slices of either endogenous lipid or the large stores of protein and protein-bound hexoses that the thyroid contains (40) . The fate of the major proportion of assimilated glucose is unknown, since a very small proportion (3 to 6%o) is converted to CO2, and only about 40%o is converted to lactate.
The major finding of this study is that pronounced effects on certain aspects of thyroidal intermediatry metabolism can be acutely induced by variations in extracellular iodide concentration. These effects are biphasic: oxygen consumption and conversion of exogenous glucose to CO2 are stimulated by concentrations of iodide ranging up to approximately 1 x 104 M, a finding which has also been reported by Dumont (41) , whereas at higher concentrations of iodide, these oxidative processes return toward normal.
Tentative conclusions can be drawn concerning the nature of the stimulatory metabolic effects of iodide observed in the present study. First, iodide caused increased oxygen consumption. In the absence of added iodide, oxidation of endogenous substrate in the thyroid appeared to account for much of the oxygen consumed. Although stimulatory concentrations of iodide increased the proportion of the oxygen consumed that was utilized for the metabolism of exogenous glucose, endogenous compounds of unknown nature remained the principal oxidative substrate, and their metabolism must have been increased. Furthermore, absence of significant change in respiratory quotients in association with increased Q02
suggests that iodide changed the amount, rather than the nature, of the substrates concerned.
Evidence can be adduced concerning the pathways over which stimulatory concentrations of iodide produced their second major effect, increased production of CO2 from exogenous glucose. It is clear that the quantity of exogenous glucose oxidized in the hexose monophosphate (HMP) shunt increased, in view of the greater increase that iodide induced in C-1 than in C-6 oxidation.
It cannot be concluded, however, that iodide increased the proportion of glucose metabolized via the HMP shunt.'0 Any factor that generally stimulates glucose metabolism will be manifested by a prompter increase in C-1 than in C-6 oxidation, since C-1 is immediately available for oxidation by the shunt, whereas C-6 must traverse a much longer series of reactions and be diluted in a greater number of intermediate pools before appearing as CO2. This is reflected in Dumont's finding that the ratio between C1402 production from glucose-i-C'4 and from glucose-6-C14 (the "C-1/C-6 ratio") declines progressively with time (44) . This decline also occurs at stimulatory concentrations of iodide (22) .
Several considerations indicate that the HMP shunt was not the sole metabolic pathway stimulated by iodide. These follow from the increase in the generation of C1402 from glucose-6-C14 that iodide induced. This could have occurred merely as a result of increased formation of triose-C14, without any alteration in its proportionate conversion to CO2. Had this been the case, then the percentile increase in formation of lactate-C14 should have equalled the percentile increase in formation of C140, from glucose-6-C14. A change of this magnitude (an increase of over 50% at 1 x 10-4 M iodide) should readily have 10 Katz and Wood have recently described a method for calculating the proportion of glucose metabolized via the HMP shunt by use of the fractional yields of C140. from assimilated C-1-and C-6-labeled glucose (42) . Although yields of C1402 from C-1-and C-6-labeled glucose were not precisely determined in the present studies, owing to failure to correct values for volatile contaminants in the glucose, this method was used to provide a first-order approximation of the percentile contribution of the HMP shunt to exogenous glucose metabolism in sheep thyroid slices. Calculations revealed this to be no more than a few per cent in control slices. Such low values are consonant with recent observations that the yields of C,4-labeled lactate from glucose-U-C4 or -1-C4 do not differ appreciably from the yields of labeled lactate obtained with glucose-6-C'4 (43 (13, 14) . Evidence has recently been presented suggesting that the same enzyme may catalyze both the formation of H202 and subsequent peroxidations (49) . The [ 1] flavoprotein H2 + O2-> H202 + flavoprotein [2] H2o2 + 21-+ 2H+ 21 + 2H20. [3] Over-all: TPNH + 3H+ + 21-+ ± 2 ->TPN+ + 2H20 + 21. [4] If this is the correct mechanism, then it would follow from the present results that the rate of the over-all reaction depends on the concentration of iodide. An alternate relationship between the WolffChaikoff effect and the decline in metabolic stimulation occurring at high concentrations of iodide also seems plausible. In vitro, high concentrations of iodide have been shown to inhibit two enzymes involved in oxidative metabolism: glucose-6-phosphate dehydrogenase (58) and fumarase (59) . Such inhibition could account for the decrease in Q02 and C1402 production that high concentrations of iodide induced in slices of liver and kidney. Other related enzymes, such as aldolase (60) and lactic dehydrogenase (61) , are inhibited by molecular iodine, possibly through oxidation of sulfhydryl groups (62) . If physiologically significant, such inhibition should be especially prone to occur in the thyroid. Thus, direct enzyme inhibition by iodide or iodine could explain both the declining phase of the intermediary metabolic response to varying concentrations of iodide and the secondary decline in the metabolically linked oxidation of iodide. At present, however, the data are insufficient to determine whether the effects of high concentrations of iodide are exerted primarily on iodide oxidation, or on intermediary metabolism, or whether, in fact, the two effects are interrelated. The stimulatory effects of moderate concentrations of iodide appeared to be related to the oxidation or organic binding of increased quantities of iodine for the following reasons: 1) stimulatory effects were inhibited by methimazole and thiouracil, 2) bromide failed to stimulate thyroidal oxidations, and 3) no stimulation of oxidations was evident in slices of liver or kidney.
It is postulated that the stimulatory effects of iodide on glucose oxidation result from an enhanced oxidation of reduced coenzymes that may occur during both the oxidation of iodide and its subsequent reduction.
The loss of metabolic stimulation occurring at higher concentrations of iodide is of uncertain origin, but may be related, as either cause or effect, to the inhibition of thyroid hormone formation that high concentrations of thyroidal iodide acutely induce.
